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The infermation of special interest to crystal growers and device
physicists now available from monochromatic synchrotron diffraction imaging

(topography) is reviewed.
trooptic crystals.

processes that can be obtained

Illuscrations are taken from a variety of elec-
Aspects of the detailed understanding of crystal growth
from carefully

selected samples are

described. Finally, new experimental opportunities now available for ex-

ploitation are indicated.

I. TYPES OF INFORMATION AVAILABLE

In contrast to electron micro-
scopy, which provides information on
the Jocation of features in gsmall
regions of materials; diffraccion
imaging can portray minute devia-
tiong from crystal perfaction over
layger areas. Diffraction imaging
by synchrotron =x-radiation high-

lights irregularities that can
affect performance. For example,
lattice strains lead to strong

contrast in such " images, as in
Figure 1; and analysis of the pat-
terns in these strains can lead o a
detailed understanding of how chey
arise?. Similarly, crystallographic
dislocations, eicther alene or in
arrays, alsc stand out in sharp con-
trast in the Iimagss ¢f high qualicy
crystals, as in Figure 2.

Analysis of such imperfec:
can lead not only to a detal
tally of their presence and &is
bution but also to an understan
of their origins and cf st
can be taken to reduce tn
sence. Thus, diffraction in
provides useful information on the
imperfections in high qualiczy crys-
tals that can be correlated with
specific aspects of their perfor-
mance and can lead to improvement in
this performance through guidance on
desirsble modification in erystal
growth parameters,

Synchrotron storage rings now
permit far more comprehensive and
useful realization of these pos-

sibilities than can be achieved with
laboratory sources because of two
optical characteristics of such
rings: their effective small source
size and their high brightness.

The small size leads to forma-
tion of highly parallel x-ray beams,
which are required for maximum reso-
lution. The smallest source size
achieved to date, 140 micrometers,
has been realized on _the large
storage ring at the National Syn-
chrotron Light Source at Brookhaven
National Laboratory. Optics at the
end of cne of its 20 meter beam
lines thus can achieve at least 1.5
arc secotié angular resolution, or
iess than a micrometer on the sur-
face of & detector in a typical
Tnis resolution can
increased by the choice
¢l ¢rtize. With appropriate optics.
: ion of individual dis-
ccaticns is possible, as Iin Figure

n brightness achieved in

is central to two as-

st
e tal characterization.
Fi brightness  permits
ok £ diffraction features

in <ransmission. The distinctive
signatures of the dislocations
observed in Figure 3 are wvisible
only in diffraction in Laue geometry
(transmission), with its integration
of information from the interior of
a crystal. Moreover, when strains
ere observed in transmission, as in
Figure 4, differences in their
direction irn various parts of the
image can be emphasized. In Figure
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Figure 1. Strain
patterns in the 8
keV (309) diffrac-
tion from a (001)-
cut crystal (#K) of
bismuth silicon
oxide,

Figure 2. Disloca-

tion patterns in the
10 kev (040) dif-
fraction from an
indium doped (001)-
cut wafer of gallium
arsenide.



Individual dislocations
resolved in 8 keV (400) diffraction.

Figure 3.

from the indium doped (001) cut
wafer of gallium arsenide shown in
the previous figure, after fracture,

4, for example, strains in the <i00>

direction are cleariv ~isible in
some parts oi the crvstzl while
absent in others tha:t arpear eguiva-
lent in Bregg geome:zr Jtservation
of such differences permits cezalled
analysis of the processes leading to
their formation? Second, the high
-

brightness oI & s

vicdeo camerz chservation of &

tion images in r

turn permits rapid survers
1 aspects of sub

ructure and of larg

.
Taln.

n n rt
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ct ct

The utilization of a monochro-

mator with a synchrotron
ring can provide important further
advantages, although such a combina-
tion is available in the U.S. only
on our beam line at the National
Synchrotron Light Source®. The
restriction of diffracting radiation

storage

to a narrow spectral band substan-
tially increases the contrast in an
image over that obtainable with s
white beam as in Figure 5*-3 The
interprectation of such monochromatic
images is far simpler and more
certain than the interpretation of
images formed with white radiarien.
When asymmetric diffracticn is
employed in the monochromator, tIwo
additional benefits can be obtained.

First, the beam can be expanded
several fold in size <to seversl
centimeters in height. With such a

beam large crystals can be examined
without scanning. Second, the
parallelism of the beam is increased
by the same factor, bringing the
resolution well under ome arc sec-
ond, and approaching a tenth of an
arc second depending on the par-
ticular monochromator erystal and
the energy of the radiation.

All  of these advantages to-
gether are just now being realized
on the National Bureau of Standards
Materials Beam Line at the National
Synchrotron Light Source at Brook-
haven National Laboratory. We turn
now to a brief survey of initial
resulcs.

II. TILLUSTRATIVE EXAMPLES

A crystal containing dis
grains (which by definition &
in crystallographic orient
yields conventional x-ray d&i
tion rocking curves that are bro
Diffraction images of such cryste
typically <display sharp contras
among the various grain However,
even where the difference in orien-
tation approaches a degree, simul-
taneous diffraction from more than
one grain can be observed if the
crystal is suitably oriented with
respect to the beam, as has been
done in Figure 6. Here, five grains
can be distinguished. 1In such in-
stances, the principal tilt can be
accurately determined from the clear
Gisplacement of the images of <the
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Figure 4. lwmape of
13.4 5.V diifractic.,
in Lauc geomeory
(transamissien) from
(60:) planes of the
(001) cut Dbismu:
silicon oxide cryr-
tal shown in Fipure
1 in diffractior in
Bragg geometry.

various grains with respect to ome crystels will clearl: depend cn the
enother, perticular type of crvstal imperiec-

Erzad rocking curves can arise ziorn present. Steps Tzxken To reduce
a-.sc Irom &z different source of ths muclezzion = o ad-
izperiection, which, in the absence : Zlective
ci imeges, s sometimes confused ey s

n 0
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1) ¢ 4 b 4 D 0

witn the zssumed presence of multi- s princi-
Tie greins or subgraia rally cgeneity
- shown In within iInd.widual greins DETNEDS
zurve Zor due to impurities or memilzal steol-

telluride cnlometyy
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majo &rs tation of the subgrains Ziffers only

boundariecs separating cryezzl & few arec r:=conds In tne direction

grains or subgrzins. The hread:h of 0% the zeam, &as 1g <the cese in
S Tigure :
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the rocking curve iz this in
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-
Is tTraceatle to reletivelv gradual,
Irreguler wveariation eizher in <chs
lattice conzzan: or in the lattice
orientazion morovamens o0 such

ORIGINAL PAGE IS
OF POOR QUALITY



ide, shown in Figure 9. The

eni
entation of each feature 1is

ated by the nature of its

The broad features in the
result from kinematic scat-
tering in the interior of the crvs-
zel, while <the finer, unbroadeneé
features are diffracted close to the
suriace.

Other types of  structure,
clearly related to specific aspects
of the growth of a crystal, are
visible in observation of indium
doped gallium arsenide, as in Figure
10. Geometrical features in a
circular region in the center of the
boule appear to imply faceted growth
in this region. This is surrounded
by striations, associated with
periodic fluctuation in one or more
growth parameters.

An image of the central region

Figure 5. Comparison
of monochromatic
laboratory diffrac-
tion image of iron

aluminum crystal
with three white
beam synchrotron

topographs of the
same crystal.

<oeme C e

of this boule is shown magnified in
Figure 11, The rectangular features
characteristic of <this wregion are
oriented along <110> directicms.

- III. COMPREHENSIVE UNDERSTANDING

Various strains and other crys-
tallographic irregularities in elec-
trooptic materials can thus be por-
trayed by diffraction imaging.
Through such observations, the role
that these defects play can be cor-
related with specific aspects of de-
vice performance. However, also in-
herent in this technology is the in-
sight that it can provide into the
origin of the anomalies and the cor-
responding potential for their con-




trol where suitable samples are
available. -

An example of this aspect of
monochromatic synchrotron diffrac-
tion imaging is a recent study
carried out on three slices taken
from a single high quality boule of
bismuth silicon oxide grown in the
{001) direction as shown in Figure
12, The three slicss were cut andé
pclished in the ¢ direction, che
perimecer retaining the shape that

Figure 6. Image of
8 keV diffracticen
from (1 1 10) planes
of a mosaic (001)
cut mercuric iodide
crystal.

it acquired during growth.

Slice X is shown in Bragg ("re-
flection") geometry in Figure 1 and
in Laue (transmission) geometry in
one oriercation in Figure 4. Slices
E and I are shown in Bragg geometry
in Figures 13 and 14, respectively.
Slice I is shown in Laue geomerry in
Figure 15, Slice K is shown in a
second orientation in Laue geometry
in Figure 18.

Analvsis o©of <chese diffrazction

Figure 7. "Contour
map" of strains in
(111) cut slice of
cadmium telluride,
recorded by superim-
posing diffraction
from (333) planes of
cadmium telluride
recorded at three
diffraction  angles
differing by 144 arc
seconds.
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images permits us to determine the
following sequence of steps in the
faceted growth of the boule. Shorc-
ly after necking, a small near-(001)
growth plane had been established in
the center of the growing face.
Four peripheral ({101} facets had
also been formed. These are depict-
ed in Figure 17.

~ By the time that the boule had
grown to the location of slice E,
the (011) facet was growing more
rapidly than the others, causing it
to decrease in area as illustrated
in Figure 18. Meanwhile, the cen-
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Figure 8. Sharp
boundaries separa-
ting subgrains dif-
fering iIn orienta-
tion by about 2 arc
seconds, shown in §
keV diffraction from
(224) planes of a
(001) cut undoped
gallium arsenide
wafer Also
visible are curved
regions of strain
that produces curv-
ed, continuously
varying contrast.

(#3).

tral, near-{001) facet was growing
nonuniformly. Its growth rate was
greater in proximity to the rapidly
growing (011) facet, causing the
central near-(001) facet to deviate
from a precise (001) orientation,
cbserved as strain fringes in the
central part of Figure 13.

Between the growth of slice E
and that of slice I, the rate of
growth of the (0I1) facet slowed,
while the growth of the (101) facect
increased, causing a corresponding
change in the shape of the related
facets as abstracted in Figure 19.

Figure 9. Inter-
acting dislocations
observed in 10 keV
diffraction in Laue
geometry (trans-
mission) from (220)
planes of (001) cut
undoped gallium
arsenide crystal
(#5).




The change in the orientation of the
central fringes indicates that the
slope of the central near-(001) face
underwent a corresponding change.

By the time that the center of
the boule had grown to position K,
however, growth of the (101) facet
had ceased completely, causing a
distinctive shape in high strain
regions in both slices I and K, and
associated with further change in
the orientation of the central
strain fringes, Figures 19 and 20,
respectively.

Specific

aspects of this non

Figure 10. 1Image of
Bragg diffraction at
8 keVv from (004)
crystal planes of
the (001) cut indium
doped gallium ar-
senide wafer shown
in Figures 2 and 3
in Laue geometry.

constant faceted growth model are
verified in magnified portions of
the diffraction images, Figures 21
and 22. Figure 21 illustrates con-
tinuity between fringes observed in
the central region and the peri-
pheral striations, supporting the
faceted growth model with growth of
the central facet at an angle to ‘the
(001) plane. Cessation in the
growth of the (101) facet while the
(011) facet continued to grow is il-
lustrated in Figure 22.

A mathematical model that suc-
cessfully predicts flow during sta

Figure 11. Magni-
fied portion of
image of diffraction
in laue geomerry at
10 keV from (040)
planes of the (001)
cut indium doped
gallium arsenide
crystal shown in Fi-
gures 2,3, and 10.



ble Czochralski growth for a flac
interface is illustrated in Figure
23. Extension of the gemeral fea-
tures of this model to faceted
growth in Figure 24 illustrates how
the asymietrical faceted growth
shown in the. diffraction images in-
fluences, and in turn is influenced
by, changes in the cellular flow,
with corresponding changes in the
temperature of particular growing
regions of the boule and hence the
growth morphology.

Variations in materisls that
can be observed at various - :ges in
the manufacture of devices :re il-
luscrated in Figure 25. This shows
strains in a piece of lithium nio-
bate indiffused with citanium so
that regions of the crystal will
guide light to be switched or med-
ulated by electrodes, not yet in-
stalled. Such observations can be
made first on a virgin material and
at various stages in the processing
of a device to identify the points
at which critical defects are intro-
duced,

IV. FUTURE DIRECTIONS

While imaging with monochroma-
tic radiation removes ambiguity as-
sociated with diffraction by photons
with the range of wavelengths in
white radisrion, another ambiguity
in the interpretation nevertheless
remains. Contrast in a monochroma-
tic image can be caused either by
variatrion in lattice parameter or by
variation in orientation of the
crystal lattice. Diffraction from a
surface defect surrounded by a per-
fect crystal is illustrated schemat-
ically in Figure 26, in wvhich spa-
tial confusion in the diffracted
image is shown to be traceable to
dissimilar diffraction angles. A
principal consequence of these dif-
fering angles is that radiation from
such a defect is displaced in the
image from the location of the image
of the immediately surrounding un-
disturbed region. Separation of the
diffracted radiation from the two
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Figure 12. Relative positions of
slices taken from a single high
quality 8 mm Dboule of Dbismuth
silicon oxide.

sources, defecr and surrounéing re-
gion, and removal of the ambiguity
in the source can be accomplishecd
by T"out scate analyvsis," <Through
placing arn additional diffracting
crystal so as to intercept the dif-
fracted image, as illustrated in
Figure 27.

Examples of the results of such
"out state analysis"™ are shown in
Figures 28 and 29, which picture
images of the central region of the
indium doped gallium arsenide crys-
tal previously shown in conventional
diffraction images Figures 2, 3, and
10.

When the analyzer crystal is
set to pass "perfect crystal" dif-
fraction, the contrast between ¢if-




fracting ané non diffracting regions
is relatively Tnigh. This high
is caused by the absence of
iffraction from de-
s. Wwren the analyzer crystal i
to cdiscriminate i
ect crystal" diffraction, th
Ty of the image is reduced DY
the lowered difiracted brightness ac
the "off" angle. Analysis of such
simplified images shou.d prove to be
m
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ore direct and thus less subject to
the models employved <cha
anzlysis of conventional diffraction
images.

Another opportunity with syn-

chrotron radiation not yet fully
exploited is the ability to carrv
out experiments in real time while

observations are made with a video
camera. One example whose feasibil-
ity has been proved is the obsesrva-

(S
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Figure 13. Diffrac-
tion image in Bragg
geometry of  (001)
cut slice E of
bismuth silicon
oxide from (006)
planes at 8 keV.
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In summary
can provide &
inte the physics and formation
electrooptic crvs Througn ex-
ploitation of this set of opportuni-
ties, we expect to expané our under-
standing of the role of defects and
to collaborate with crystal growers
in the rapid optimization of these
defects, whether increasing <the
incidence znd improving the charzc-
ter of those that can be uzilizecd or
reducing those that interisre.

40
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Figure l4. Difirac-
tion image in Bragg
geometry of (001)
cut slice I of
bismuth silicon
oxide from (0 O 10)
planes at 8 keV.

500) oplanes
of bismuth silicen
oxide slice I, showm
in Bragg gecmetry in
Figure 14.




Figure 16. Diffrac-
tion image in Laue
geometry of bismuth
silicon oxide slice
K from (060) planes
at 13.4 keV. This
crystal is shown in
Bragg pgeometry in
Figure 1 and in
another orientation
in Laue geometry in
Figure 4.
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=
B

4

101
ot 001l o011
101
Figure 17. Abstraction of face of

growing bismuth silicon oxide boule

shortly

after

initial

necking.
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Figure 18, Abstraction of faceted
growth of bismuth silicon oxide
boule while slice E was being
formed.
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Figure 19. Abstraction of faceted

growth of bismuth silicon oxide
boule while slice I was being
formed.
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Figure 20. Abstraction of faceted
growth of bismuth silicon oxide
boule while slice K was being
formed.
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Figure 21. Magnification of region
adjacent to the center, in the
direction, of a (006) diffraction of
slice I in Bragg geometry at 8 keV,
This section shows the boundary be-
tween the central rectangular near
(001) facetr growth region containing
fringes and the peripheral (101)
facet growth.

Center ‘or -+e Develctment of
Crvstal Growznh it Soace. The NES
Materieals Science symzhroeTrca
racdiation beaxr lLime is located at
the National Svnchnrozron  Light
Source at Brecktevern Yatiomel labd-
oratory, which Is supzoried by the
U. §. Deparztmen: ¢ Energy, Division
of Materials Sciences (DOE con-
tract number DE-ACCZ-7& CHO0016).
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Figure 23. Mathematical model of

flow in the bismuth silicon oxide
melt for stable flat interface Czo-
chralski growth.

Figure 22. Magnifi-
cation of the [11C,
corner repion of &

(060) diffraction
image of clice K in
Laue feometry at
13.4  keV. This
image shows strains
in the (010} direc-

tion, ~and thereby
tte cessation in the
gruwth of one of the
facets while an ad-
jacent facet contin-
ued to grow.
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Figure 24. Model of flow in the
bismuth silicon oxide melt for
faceted interface Czochralski
growth. Competition between the two

melt currents causes changes in the
relative rates of growth of the
various facets.
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Figure 00 Uiffras:
tion imapre i

taniun o Tiuscd
lithiur riobate
showing STrains
caused by thic stafe

s
in the manulactu
of a fuidec wave
device.
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Figure 27. Schematic of expeTi-
zental arrangement Zfor "out state
analysis." Fourth eryszal. I
addiction to two monochromateT
. crvstals and the sampie being sTui-
| i ¢, passes the diffracted beaz on.¥
over a narrow anguler range, permit-
Figure 26. Sci.emz-ilc ciagraem oI ting observation either of defect
sources of image confusion caused by ir_zes or of perfect cryvstal images
unfortunate combination 2f defect wi--out interferemce ifrom the other
strain and lzttice orientation. tvpe oi image.
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Figure 28. Magni -

fied po~tion of
(004) diffraction
image of central

portion of (001) cut
indium doped gallium
arsenide wafer as
diffracted by a

silicon crystal
oriented to pass the
"perfect crystal”

diffraction and to
discriminate against
defects.

Figure 29. Magni-
fied portion of
(004) diffraction
image of central
pertion of (001) cut
indium doped galliur
arsenide wafer as
diffracted by S

silicon eryvstal
oriented to pass
diffraction from
defects and to dis-
criminate against
rperfect crvstali”
diffraction.




